Albugo occidentalis, Spinacia oleracea, leaf area infected SUMMARY. Areas with mild climate conditions are suitable for growing winter spinach (Spinacia oleracea L.). Successful production depends on choosing slowbolting cultivars resistant to major diseases in each area. Field experiments with a total of 18 cultivars were conducted during 8 years in the Winter Garden region of Texas, an area known for its high white rust (Albugo occidentalis G.W. Wils) inoculum. Spinach cultivars differed widely in their resistance to both white rust and bolting, and the incidence of both traits was more severe as the season progressed. White rust infection increased linearly with average monthly minimal air temperature. Cultivars Fidalgo, Springfi eld, and Springer were slow bolting and are suitable for areas with no white rust incidence, while cvs. ASR-318, DMC 66-09, Fall Green, Samish, and San Juan were more white rust resistant.
The authors thank K. Kolenda and D. Moore for their valuable technical help. The senior author acknowledges fi nancial support from the Fulbright Program. Appreciation is also extended to seed companies for providing seeds. Partial funding was also provided by CSREES-USDA under Agreement No. 2005-34402-16401 , "Designing Foods for Health." Mention of a trademark, proprietary product or vendor does not constitute a guarantee or warranty of the product, nor does it imply approval or disapproval to the exclusion of other products or vendors that may also be suitable. 3 Professor, corresponding author; e-mail address: d-leskovar@tamu.edu S pinach is a cool season crop cultivated in areas with an average temperature range from 60 to 65 °F. Young plants can withstand freezing temperatures as low as 15 °F without sustaining severe injury (Yamaguchi, 1983) . Since winters are mild in the Winter Garden area of southern Texas (geographic area west of San Antonio), spinach is a crop with great economic impact. It is cultivated in about 7300 acres in southwestern Texas (Texas Agricultural Statistics Service, 2003) and contributes to about 29.4% of the total U.S. processed spinach market, with a $41.5 million economic impact (Pena, 2004) . Spinach is also a good source of vitamin C, minerals, and a major source of carotenoids in the American diet (Magee, 1997) .
Spinach is a long-day plant, but bolting rate increases if cold exposure of growing plants is followed by higher temperatures and long days (Yamaguchi, 1983 ). Bolting is not enhanced if seed is exposed to low temperatures during development on the mother plant (Wiebe, 1989) , but sensitivity to photoperiod is present as early as in the transplant stage (Kim et al., 2000) . Although it has been shown that bolting can be delayed by the manipulation of light during transplant production (Chun et al., 2000) , this practice is not feasible for large-scale production. Resistance to bolting among different cultivars has been known for a long time (Webb and Thomas, 1976) , and therefore bolting-resistant cultivars have been developed (Brandenberger et al., 2004) .
Breeding techniques have also been used extensively to develop spinach cultivars resistant to white rust infection (Goode et al., 1987) . White rust is one of the major spinach foliar fungal diseases in southern Texas due to favorable winter conditions for disease development. Relatively warm days and low humidity affect desiccation of conidia, while the moisture condensation and cool temperatures at night favor germination and host penetration (Raabe and Pound, 1952) . Optimal temperatures for disease development range from 54 to 64 °F, and leaf wetness enhances disease development (Sullivan et al., 2002) . Initial symptoms of infection are small chlorotic lesions on the leaf surface (Correll et al., 1994) . As the disease develops it can cause leaf yellowing, stunted growth, and fi nally a signifi cant economic loss for the spinach crop (Leskovar and Kolenda, 2002) . Crop management strategies such as fungicide application and amount of irrigation can have signifi cant impacts on the development and control of this disease (Leskovar and Black, 1994) .
Growing cultivars resistant to white rust can contribute to an overall better quality product, while preserving the environment by decreasing pesticide inputs. During the last 20 years the Texas A&M University, Texas Agricultural Experiment Station in Uvalde, has been a unique site for screening cultivars with resistance to white rust due to its high level of inoculum. The objective of this study was to determine spinach cultivars tolerant to white rust and bolting in order to make recommendations for commercial production. Both experimental and commercial cultivars of spinach produced for fresh market and processing were included in this 8-year study. (Table 1) . 'DMC 66-07', 'DMC 66-09', 'DMC 66-01', and 'Samish' were continually tested during eight growing seasons whereas other cultivars were tested at least during three seasons (Tables 3, 4 , and 5). Cultivars of all leaf types were included in the study with prevailing semi/savoy (seven cultivars) and fl at (eight cultivars) leaves.
Material and methods

CULTIVARS
The spinach nursery was established in the period from 24 Oct. to 19 Dec., depending on the season, with the aim to include planting dates most common for winter production in southern Texas ( Individual plots consisted of four lines per bed with two lines on each side of the bed. Spacing was 9 inches between the two center-lines and 4 inches between the two side-lines. Seeds along the lines were spaced at 2½ inches. Beds were 40 inches apart (center to center) with 25-ft-long plots. Herbicide S-metolachlor at 1.1 lb/acre a.i. (Dual II Magnum; Syngenta Crop Protection, Greensboro, N.C.) was sprayed over the surface at planting and incorporated with 20 mm of sprinkler irrigation each year. A preplant fertilizer of 50 lb/acre nitrogen (N), 20 lb/acre phosphorus, and 0.2 lb/acre zinc was broadcasted. Additional N fertilization from 50 to 70 lb/acre was applied as needed on each season. Irrigation was provided by furrow systems according to crop requirement based on weather data.
There was no attempt to control white rust or other diseases in the nursery. To facilitate infection and achieve uniform disease distribution throughout the nursery, each cultivar was planted adjacent to a row with a genotype known to be highly susceptible to white rust from results of previous studies. In addition, sprinkler irrigation was applied at frequent intervals for 15 to 30 min during late afternoons, to purposely enhance leaf wetness for white rust development.
WHITE RUST AND BOLTING EVALU-ATION. Leaf area infected with white rust was evaluated at least once in each season between January and March, and twice in seasons 1997-98, 1998-99, 1999-2000, and 2001-02 (Table 1) . At each sampling period a total of 24 mature leaves from the two center rows of each plot were collected, with a total of 96 leaves per cultivar.
Samples from each plot were taken in four areas, each at approximate row cross-sections with leaf positions of 0°, 45°, and 90° angles (left row); 90°, 45°, and 0° angles (right row). Each leaf was classifi ed into one of six classes: 0%, 1%, 5%, 10%, 20%, and 50% leaf area infected, depending on leaf area with white rust lesions (Dainello et al., 1990 
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rate was estimated as percentage of plants bolted per replication: 0 = none; 1 = 1% to 20%; 2 = 21% to 40%; 3 = 41% to 60%; 4 = 61% to 80%; 5 = 81% to 100%. DATA ANALYSIS. The experiments were set up as a randomized completeblock design with four replications per cultivar. Homogeneity and normality of variance were tested and data were transformed when necessary. Analysis of variance (ANOVA) was carried out for each year separately using proc GLM of the SAS software package (SAS Institute, 1989) . After signifi cant Ftest, means separation was performed with the least signifi cant difference test. Linear regression analysis was performed between meteorological data and white rust and bolting incidence. If the evaluation was done within the fi rst 15 d of the month, then data from the preceding month were used as an independent variable in the regression analysis. As an example, in 1997-98 season, evaluation of white rust was done on 27 Jan. and 10 Feb., and for both data sets meteorological data for Jan. 1998 were used as the independent variable. Bolting evaluation on 17 Feb. was correlated with meteorological data for Feb. 1998. The same approach was applied for other seasons. (Table  3) . As expected, when evaluations were conducted twice in the same year, leaf area infected with white rust generally was higher on the second evaluation, except in the season 1997-98 for 'Cascade', 'DMC 66-07', 'DMC 66-09', 'Fall Green', and 'Vancouver'. In the 1999-2000 season, an increase in leaf area infected from 5.1% (as overall cultivars average) on 1 Mar., to 44.7% measured on 14 Mar. is evidence that the disease progress can be very fast once infection is present under favorable weather conditions. During Feb. and Mar. 2000 the average monthly maximal and minimal air temperatures were higher than in other years (Table  2) , which probably contributed to the fast disease spreading. Average leaf area infected below 10% was noticed only for 'ASR-318' (three season-average), while less than 15% of infected leaf area was found for 'DMC 66-09' (eight seasons), 'Fall Green' (three seasons), 'Samish' (eight seasons), 'San Juan' (three seasons) and 'Unipack 277' (three seasons) (Table 3) . A high level of white rust infection was recorded for 'Cascade' (the most sensitive cultivar), but also for 'Springfi eld', 'Springer', 'ASR-157', and 'ACX 3665' in all years tested. LEAVES INFECTED. This sensitive evaluation (only one lesion determines leaf infection) showed disease progression during the season. The lowest percentage of leaves infected with white rust in all cultivars (overall average 17.8%) occurred on 9 Jan. 2002 with a more than 3-fold increase by the second evaluation on 29 Jan. 2002 (Table 4) . Similarly, for other growing seasons, percentage of leaves infected with white rust was always greater in the second evaluation. When 'DMC 66-09', 'DMC 66-16', 'Samish', 'Unipack 277', and 'ASR-318' were tested together within a season, there were no signifi cant differences among them, all showing fewer infected leaves (Table  4) . Greater numbers of infected leaves were noted for 'Cascade', followed by 'ACX 3665' and 'Springfi eld'.
Results and discussion
BOLTING. All spinach cultivars grown throughout the winter readily bolted as days grew longer and temperatures increased, both conditions known as favorable for generative development (Chun et al., 2000) . With all cultivars, more than 40% (bolting rate ≥3) of plants bolted in 1998-99, Each value represents an average of four replications for a total of 96 leaves classifi ed as 0%, 1%, 5%, 10%, 20%, and 50% of leaf area with white rust lesions. (Table 1 and 5), indicating that commercial fi eld harvesting should be fi nished earlier than mid-March to obtain high quality spinach. Low bolting rate was found for 'Fidalgo' (1.0 to 1.6), 'Springfi eld' (none to 1.5), and 'Springer' (none to 2.0). Bolting rate for 'Samish' ranged from 4.5 to 5.0 during all 8 years of testing. Greater bolting rates were also found for 'DMC 66-07', 'DMC 66-09', 'DMC 66-16', and 'ASR-157' (Table 5) , and therefore these cultivars are considered susceptible to bolting after overwintering in the fi eld. Spinach fi elds with only 10% of bolting plants are considered unacceptable for harvest (Brandenberger et al., 2004) . If bolting-susceptible cultivars are planted in December, generally one harvest (cut) would be obtained, in contrast to two or three cuts if planting occurs earlier (October). Since the scope of this study was to test plants under highly favorable conditions for bolting, we expect these results could be applicable to areas with mild climatic conditions where spinach is also grown as an overwintering crop. Due to considerable variation of white rust infection and bolting rate over all years, meteorological data (Table 2 ) were linearly regressed with the incidence of white rust infection (leaf area infected and leaves infected) and bolting rate (Tables 3,  4 , and 5). There was no relationship among average monthly maximal air temperature, rainfall, and minimal relative humidity with the examined traits (data not shown). However, we found a positive linear relationship (P ≤ 0.01) between average minimal monthly air temperature and leaf area infected (Fig. 1) . These results suggest that farmers should be aware of disease progress if greater night temperatures are prevalent. However, more sensitive tests are necessary for a complete prognosis since infection development, beside other factors, depends on the interaction between temperature and leaf wetness (Sullivan et al., 2002) . It seems that the use of a weather-based advisory program has potential to reduce the number of fungicide applications required to control white rust in spinach fi elds (Sullivan et al., 2003) .
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Conclusions
The scope of this study was to test spinach cultivars under highly favorable conditions for white rust and bolting. There were considerable differences among spinach cultivars in resistance to both white rust and bolting. Selection of white rust-resistant cultivars will enable more sustainable spinach production in areas where white rust historically has been the major fungal disease.
Slow-bolting spinach cultivars such as 'Fidalgo', 'Springfi eld', and 'Springer' appear suitable for areas with no white rust incidence and if they suit consumer market demands. Where spinach production is limited by white rust pressure, 'ASR-318', 'DMC 66-09', 'Fall Green', 'Samish', and 'San Juan' are suggested for large-scale production. However, 'DMC 66-09' and 'Samish' are bolting susceptible and should not be consider for plantings after late December. 
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